Randsoe T, Hyldegaard O. Effect of oxygen breathing on micro oxygen bubbles in nitrogen-depleted rat adipose tissue at sea level and 25 kPa altitude exposures.
However, micro air bubbles (containing 79% nitrogen), injected into adipose tissue, grow and stabilize at 25 kPa regardless of continued oxygen breathing and the tissue nitrogen pressure. To quantify the contribution of oxygen to bubble growth at altitude, micro oxygen bubbles (containing 0% nitrogen) were injected into the adipose tissue of rats depleted from nitrogen by means of preoxygenation (fraction of inspired oxygen ϭ 1.0; 100%) and the bubbles studied at 101.3 kPa (sea level) or at 25 kPa altitude exposures during continued oxygen breathing. In keeping with previous observations and bubble kinetic models, we hypothesize that oxygen breathing may contribute to oxygen bubble growth at altitude. Anesthetized rats were exposed to 3 h of oxygen prebreathing at 101.3 kPa (sea level). Micro oxygen bubbles of 500-800 nl were then injected into the exposed abdominal adipose tissue. The oxygen bubbles were studied for up to 3.5 h during continued oxygen breathing at either 101.3 or 25 kPa ambient pressures. At 101.3 kPa, all bubbles shrank consistently until they disappeared from view at a net disappearance rate (0.02 mm 2 ϫ min Ϫ1 ) significantly faster than for similar bubbles at 25 kPa altitude (0.01 mm 2 ϫ min Ϫ1 ). At 25 kPa, most bubbles initially grew for 2-40 min, after which they shrank and disappeared. Four bubbles did not disappear while at 25 kPa. The results support bubble kinetic models based on Fick's first law of diffusion, Boyles law, and the oxygen window effect, predicting that oxygen contributes more to bubble volume and growth during hypobaric conditions. As the effect of oxygen increases, the lower the ambient pressure. The results indicate that recompression is instrumental in the treatment of aDCS. decompression sickness; diving; aviation; space IN AVIATION, FORMATION OF nitrogen (N 2 ) gas bubbles in blood and tissue causing altitude decompression sickness (aDCS) may occur with a fast decrease in ambient pressure when ascending or cruising at altitude without adequate cabin pressurization. aDCS is also a risk factor when flying after diving, during loss of cabin pressure in commercial or military aircrafts, in spacecraft, and during extravehicular activity (EVA procedures) in space or during high-altitude airdrops (9) . In addition to health threats of cabin crew, aDCS symptoms during flight may compromise safety by degrading performance and alter or terminate missions. Incidents of aDCS have been observed in military fighter pilots and during high-altitude air-drop missions and hypobaric chamber operations (3, 4, 23, 36) . Surveys include several cases of reported aDCS in U-2 pilots (6, 21, 25) .
Prior to ascent, U-2 pilots and astronauts prebreathe oxygen (O 2 ) to wash out the inert gas saturated into tissue at ground level to prevent the supersaturation that causes bubble formation at altitude. Humans may require more than 6 h of O 2 prebreathing to avoid detectable intravascular bubbles and mild aDCS symptoms when decompressed to 30 kPa ambient pressure (34) . However, bubble kinetic models suggest that metabolic gases (i.e., O 2 and carbon dioxide) and water vapor may also contribute to bubble evolution and that this effect is more important during hypobaric conditions than in the normo-or hyperbaric situation (7, 10, 12, 31) .
In a previous report, micro air bubbles (initially containing 79% N 2 ) were injected into adipose tissue of rats decompressed from sea level and held at 71 kPa (ϳ2.900 m above sea level). O 2 breathing at 71 kPa caused increased growth of air bubbles compared with O 2 breathing at normobaric conditions (17) . Furthermore, similar micro air bubbles were injected into adipose tissue of rats at sea level, after which they were decompressed and held at 25 kPa (ϳ10.376 m above sea level) during continued O 2 breathing. Bubble injection was preceded by a 3-h period of preoxygenation to eliminate tissue N 2 before decompression. We found that preoxygenation enhances bubble disappearance and significantly reduces bubble growth time compared with nonpreoxygenated rats, but preoxygenation did not prevent bubble growth (27) . Our previous findings suggest that O 2 per se contributes significantly to the continued growth of air tissue bubbles during high-altitude exposures, regardless of the N 2 tissue pressure (27) .
Based on bubble kinetic models describing the gas exchange on Fick's first law of diffusion, Boyles law, and the changing O 2 window effect during ambient pressure reduction (11, 12, 32, 33) , as well as previous in vivo bubble observations (15) (16) (17) (18) 27) , we hypothesize that O 2 breathing may contribute to O 2 bubble growth at altitude. To quantify the net contribution of O 2 to bubble growth at altitude, micro O 2 bubbles (containing 0% N 2 ) were injected into the adipose tissue of rats depleted from N 2 by means of preoxygenation and the bubbles studied at 101.3 kPa (sea level) or at 25 kPa altitude exposures during continued O 2 breathing. The present results are compared with the effect of O 2 breathing on air bubbles of similar size containing 79% N 2 and injected into adipose tissue under exact similar experimental conditions as described in a previous report (27) .
METHODS

Rat Preparation and Experimental Protocol
The experimental protocol is described in Fig. 1 . As in previous reports (15, (17) (18) (19) 27) , female Wistar rats weighing 250 -350 g with free access to food and water were chosen because of their abundant and transparent abdominal adipose tissue into which bubbles can be injected and viewed clearly through a microscope. The rats were anesthetized with sodium thiomebumal (0.1 g/kg ip) and buphrenorphine (0.01-0.05 mg/kg sc). The anesthetized rat was placed supine and fixed to an operating and heating platform on top of an aqueous insulating layer. A cannula was inserted in the trachea [polyethylene tubing; inside diameter (ID), 1.5 mm], and a catheter was placed in the left carotid artery for blood pressure registration. It was kept patent by a continuous infusion of nonheparinized, denitrogenated saline by means of a syringe pump (Model 341; SAGE Instruments, Freedom, CA) at a rate of 1 ml/h. To avoid bubble formation during saline infusion at altitude, denitrogenated saline was prepared by means of boiling and subsequent storing in sterile, gas-tight syringes with Luer lock (27) . Mean arterial blood pressure (MAP) was measured throughout the experiment by means of a pressure transducer from Edwards Lifesciences (Irvine, CA) placed inside of the chamber. A thermometer placed in the vagina measured body temperature. The vaginal thermometer was connected to a thermostat preset at 37°C to maintain a body temperature of 37°C during decompression exposures, giving a chamber temperature at 32-36°C. A continuous real-time record of temperature and MAP was obtained on a personal computer via PicoLog data collection software.
The abdomen was opened in the midline, and the abdominal adipose tissue was exposed. A Licox O 2 micro catheter and a Licox thermo probe were placed inside of the adipose tissue for continuous measuring of tissue O 2 partial pressure (PtissueO2) and temperature. In both groups, PtissueO2 values were registered every 15 min during the observation period. With a 2.0-mm ID cannula, the cecum was perforated and the cannula left in situ to function as drainage for expanding bowel gases during decompression. The exposed tissue was covered with a gas-impermeable Mylar membrane and a polyethylene membrane to prevent evaporation. The rat was then transferred to the pressure chamber attached to the operating and heating platform. Once inside of the chamber, the tracheal cannula was connected to the T-shaped tube in the chamber's breathing system, and the connections for arterial blood pressure registration (MAP) and rat vaginal thermometer were made. Rats then prebreathed 100% O 2 [fraction of inspired oxygen (FIO2) ϭ 1.0; 100%] for a period of 3 h while at sea level (101.3 kPa). During preoxygenation, a translucent Plexiglas lid covered the pressure chamber to prevent further cooling of the rat. After 3 h of O 2 prebreathing, the polyethylene and Mylar membranes were removed and the abdominal adipose tissue reexposed. A glass micropipette mounted on a 5-l Hamilton syringe was guided to the tissue. For injection of the O 2 bubbles, a transparent cylinder of 10 ϫ 4 cm was flushed with 100% O2 15 l/min for 1 min to wash out atmospheric air. The O2 content of the transparent cylinder was verified using a Haux-Oxysearch O2 detector. Once the O2 content of the cylinder was verified, the micropipette was guided into the cylinder through a 1 ϫ 1-cm hole, and O2 was withdrawn into the glass micropipette. Two to six O2 bubbles, in the volume range of 5-800 nl, were then injected superficially and widely separated into the adipose tissue using a UMPII ultraprecision pump from World Precision Instruments (Sarasota, FL). Injection time lasted 8 -15 min, and subsequently, the Mylar and polyethylene membranes were repositioned over all of the exposed adipose tissue. The principle of the injection technique has been described previously (20) . The upper steel lid of the pressure chamber was attached, and a stereomicroscope was positioned over the viewing port in the chamber. A video camera attached to the stereomicroscope recorded the microscopic picture of the bubbles, and the recording transferred to a DVD recorder. The injected O 2 bubbles were studied at 101.3 kPa (sea level) or at 25 kPa (ϳ10.376 m above sea level). In rats exposed to 25 kPa, the predecompression bubble dimensions were obtained before decompression, and decompression to 25 kPa was performed over a period of 36 min with two stops of 15-min duration at 60 and 40 kPa as described previously (Fig. 1B) (27) . Once at altitude, bubble dimensions were recorded periodically for up to 215 min or until bubbles disappeared from view, from which point the rat was recompressed to 101.3 kPa. The rats continued O 2 breathing throughout the entire experiment. After recompression back to 101.3 kPa, the rat was removed from the pressure chamber and placed under the operating binoculars. With the rat still attached to the operating and heating platform, the thorax and abdomen were opened for a microscopic scan for intra-or extravascular gas formation before the rat was euthanized by means of exsanguination. The experimental use of anesthetized rats was approved by a government-granted license from the Danish Animal Ethical Committee at the Department of Justice and conducted in agreement with the Declaration of Helsinki II.
Pressurizing and Bubble Monitoring System
Decompression was performed in a specially designed pressure chamber with a horizontal viewing port 16 cm in diameter. The anesthetized rat was placed supine on a circular plate that could be removed from the pressure chamber and serve as an operating platform. The platform also contained a built-in heating system, which was controlled by a vaginal thermometer maintaining body temperature at an average of 37°C [see Fig. 1 in (15)]. The breathing gas was supplied continuously at a pressure slightly above chamber pressure and flowed inside the chamber through an 8-mm ID silicone tube with a small latex rubber-breathing bag and a T-connection for the rat's tracheal cannula. The tube was connected to the exhaust outlet via a specially designed overboard dump valve. The breathing, pressurizing, and chamber heating system has been described in a previous report (17) .
Bubbles were observed through the chamber window at ϫ40 magnifications by means of a Leica Wild M10 stereomicroscope with a long focal-length objective. Two flexible fiber-optic light guides, attached to a Volpo Intralux 5000 lamp, illuminated the bubble field. A Kappa CF 15/2 color video camera was fitted to the microscope, and the field was displayed on a television screen and recorded on a DVD recorder-Panasonic DMR-DH86 [see 
Data Analysis and Statistics
The bubbles were analyzed with respect to mean growth rate (mm 2 ϫ min Ϫ1 ) from the time of first observation at 25 kPa (at 36 -40 min) until maximal bubble size was measured. If a bubble did not grow but shrank while at 101.3 or 25 kPa, it was given a negative value indicating shrinkage.
Bubble "net disappearance rate" was expressed as the mean net disappearance rate in mm 2 ϫ min Ϫ1 , i.e., the slope of a line from the measured bubble size at the time of first bubble observation at either 101.3 kPa (for rats not exposed to decompression) or at 25 kPa altitude to disappearance of the bubble. If a bubble did not disappear, the mean net disappearance rate was calculated as the slope of the line connecting the first observation at 25 kPa (at 36 -40 min) with the last observation. If a bubble did not shrink but grew, it was given a negative value indicating growth. Furthermore, bubbles that disappeared in the observation period were also analyzed with respect to mean disappearance time calculated in minutes as the time from first observation at either 101.3 kPa (for rats not exposed to decompression) or at 25 kPa altitude until the time point at which the bubbles disappeared from view. Mean values of all calculated bubble growth rates, net disappearance rates, or disappearance times are given Ϯ SD.
To examine whether the differences between two mean values of calculated bubble growth or net disappearance rates or times were different from zero, a test for normality by means of the Kolmogorov and Smirnov test, followed by nonparametric ANOVA (KruskalWallis test), was performed on the difference between mean values in the different treatment groups (1, 2). The differences between mean values in the treatment groups were then analyzed by use of the Dunn's multiple comparisons test of means between groups (1, 2, 13).
When several bubbles were studied in one rat, their mean value was used in the statistical comparison. Data from our previous report (27) using injected micro air bubbles containing 79% N 2 and exposed to 25 kPa altitude under exact similar experimental conditions (see also Fig.  1 ) were compared with O2 bubbles at 101.3 or 25 kPa pressure, applying the statistical analysis described above.
Bubbles were also compared with respect to "bubbles disappeared" or "bubbles not disappeared" in the observation period by means of a contingency table using Fishers exact test (1, 2, 13) . Finally, the P tissueO2 at 101.3 kPa was compared with the PtissueO2 at 25 kPa by means of the unpaired Mann-Whitney test (1, 13) .
Statistical analysis by means of ANOVA (Kruskal-Wallis test) was performed between groups with respect to possible differences in the size of injected bubbles, time from decompression to first observation at 25 kPa, and observed bubble size caused by the immediate effect of decompression to 25 kPa. For all comparisons, P Ͻ 0.05 is regarded as the criteria for significance.
RESULTS
General Conditions of Rats
In total, 20 rats were used-10 rats were held at 101.3 kPa, whereas another 10 rats were decompressed to and held at 25 kPa (see Fig. 1 ). Rats were breathing spontaneously while connected to the overboard dump valve system at sea level and during altitude, and all rats seemed unaffected with respect to blood pressure measurements at sea level when decompression was initiated and at altitude. When the abdominal and thoracic cavities of the 20 rats were opened for microscopic examination before exsanguinations, no bubbles were visible in the veins. The thermostatically controlled rat temperatures were stable at 37°C, except from short fluctuations at an interval of 34 -37°C during the operation and decompression phase. During decompression, some bowel expansion was observed. Peristaltic movements were lively and visible throughout the experiment. During the observation period, adipose tissue perfusion in the smaller vessels with a diameter of 10 -15 m was clearly visible and seemed unaffected throughout the experiment.
MAP
At sea level, MAP was stabile and in the range of 175-225 mmHg as the most frequent interval for both groups. During the decompression period, rats had a slowly decreasing tendency in the MAP, with the most frequent interval at the range of 150 -200 mmHg in the end of the observation period.
Effect of Pressure on O 2 Bubbles during O 2 Breathing
The calculated mean bubble growth rates, net disappearance rates, and disappearance time are shown in Table 1 .
O 2 bubbles at 101.3 kPa. When oxygen breathing at sea level was preceded by a 3-h period of normobaric oxygen breathing (n ϭ 10 rats), all oxygen bubbles (n ϭ 25) immediately started to shrink at a mean net disappearance rate of 0.02 mm 2 
Comparability of the Experimental Groups
ANOVA showed no significant differences between groups with respect to the size of the injected bubbles (P ϭ 0.29) prior to decompression nor were there any differences with respect to the time from decompression to first bubble observation at altitude immediately after decompression in O 2 compared with air bubbles from our previous report (27) (P ϭ 0.12). Furthermore, there were no differences in bubble size between O 2 or air bubbles (27) immediately after decompression to 25 kPa altitude (P Ͼ 0.05).
Comparison of Bubble Growth Rate, Net Disappearance
Rate, and Disappearance Time ANOVA, followed by multiple comparisons among the groups, showed that the O 2 bubble growth rate at 25 kPa altitude was faster compared with O 2 bubbles at 101.3 kPa sea-level pressure (P Ͻ 0.001), in which no bubble growth was observed (i.e., the negative growth rate; see Table 1 ). O 2 bubble net disappearance rate and disappearance time were significantly faster at 101.3 kPa compared with O 2 bubbles at 25 kPa altitude (P Ͻ 0.01 and P Ͻ 0.01, respectively).
Comparison of Bubbles Disappeared with Bubbles Not Disappeared and P tissue O 2
Fishers exact test showed that the number of O 2 bubbles disappearing at 101.3 kPa was no different from O 2 bubbles at 25 kPa (P ϭ 0.116). Mean P tissue O 2 values were significantly higher at 101.3 kPa compared with 25 kPa (P ϭ 0.0147).
Comparison of O 2 Bubbles with Air Bubbles at 25 kPa
When injected micro O 2 bubbles are compared with our previously injected micro air bubbles consisting of 79% N 2 (see Fig. 1 for experimental protocol), bubble growth and net disappearance rates [0.007 mm 2 ϫ min Ϫ1 (Ϯ0.008) and 0.0022 mm 2 ϫ min Ϫ1 (Ϯ0.0068), respectively; data from (27) ] are not different from each other (P Ͼ 0.05). Furthermore, air-bubble disappearance time [159 min Ϯ 20; data from (27)] was not different from the present O 2 bubble-disappearance times at 25 kPa altitude (P Ͼ 0.05). However, more O 2 bubbles disappeared (see Table 1 ) within the observation phase compared with air bubbles [eight out of 20 bubbles disappeared (27) ] by means of Fishers exact test (P ϭ 0.0019).
DISCUSSION
The purpose of the present experiment was to determine the net contribution of metabolic gases, i.e., O 2 in particular, to bubble growth and decay at 25 kPa altitude in N 2 -depleted rats.
Three hours of preoxygenation led to almost complete N 2 elimination due to a N 2 tissue half-time (N 2 T ½ ) of 29 min, measured by means of radioactive xenon 133 washout in exactly the same kind of rats, since the tissue perfusion is 0.105 ml blood·g Ϫ1 ·min Ϫ1 , and the partition coefficient () for N 2 between 85% lipid and blood is 0.066/0.0148 for rat abdominal adipose tissue (22, 35) . With more than eight N 2 T ½ elapsed, almost all N 2 [8 N 2 T ½ ϭ N 2 tissue partial pressure (P tissue N 2 ) Ͻ 0.4%] has been washed out of the adipose tissue at the time of bubble injection and decompression (see Fig. 1 ).
During the 36-min decompression phase from 101.3 to 25 kPa absolute pressure, O 2 bubbles initially increased in volume with a factor 101.3/25 ϭ 4.04. Although decompressed, bubbles grew irregular in shape due to the expanding gas and the tissue elasticity of the adipose tissue. Accordingly, bubble volumes could not be calculated by measuring bubble diameters. Therefore, bubble size was measured as visible surface area, a method that adds an uncertainty to our results. However, since most O 2 bubbles grew initially while at 25 kPa altitude, an increase in bubble area should only imply an even greater growth of bubble volume.
During the decompression phase, O 2 molecules (mol O 2 ) inside the bubble are lost to the surrounding metabolizing tissue, and at the same time, O 2 is diffusing from blood to bubble. Since the injected bubble volumes were equally distributed in each of the experimental groups, the amount of mol O 2 inside bubbles may be regarded as equal within both groups. Compared with our previous report (27) , the air bubbles (consisting of 79% N 2 ) injected into the adipose tissue were smaller than the present O 2 bubbles (air bubbles: 2-500 nl; O 2 bubbles: 5-800 nl). However, once injected at sea-level pressure, O 2 bubbles will start to shrink immediately (see Fig.  2 ) and probably maintain this shrinkage until the initial phase of the decompression procedure has passed, thereby explaining the comparability in bubble size at 25 kPa ambient pressure of the present O 2 bubbles with the air bubbles in our previous report (27) .
The decompression phase, lasting 36 min during continued O 2 breathing, adds on an extra N 2 T ½ in the altitude group. Since the P tissue N 2 for both groups at the time of decompression may be regarded as close to zero (see above), the effect of the extra N 2 T ½ is of minor importance (9 N 2 T ½ ϭ P tissue N 2 Ͻ 0.2%). It is plausible that the exposure of the N 2 -depleted adipose tissue during the bubble-injection phase may have caused an inward diffusion of N 2 from the surrounding room air into the adipose tissue. This adds N 2 to the tissue and promotes bubble growth, since the N 2 , in accordance with Fick's first law (12) , will diffuse into the O 2 bubble driven by the partial pressure difference between tissue and bubble and dilute O 2 in the bubble, furthering diffusion of O 2 from arterial blood to the bubble. However, this effect should influence bubble growth equally within all groups. Since no bubble growth was observed in O 2 bubbles while breathing O 2 at 101.3 kPa, as opposed to previous observations of N 2 bubbles at normobaric conditions (16, 19, 20) , the effect of tissue N 2 seems of minor importance under the present experimental conditions. Accordingly, O 2 bubbles at normobaric conditions behave both quantitatively as well as qualitatively different from air bubbles (16, 19, 20) . Although it could be argued that even minor influx of N 2 from the surrounding room air would have greater impact at 25 kPa ambient pressure, the 36-min decompression phase will further remove any residual N 2 from the tissue before reaching the 25-kPa altitude level. Consequently, the observed differences of bubble growth and decay during ambient pressure changes must depend primarily on the partial pressure changes of the metabolic gases and water vapor.
O 2 bubbles at 101.3 kPa. During bubble observation at normobaric conditions of the preoxygenated rats, all bubbles shrank consistently and disappeared within 17-51 min (see Fig. 2 and Table 1 ). No bubble growth was observed.
The fast disappearance of O 2 bubbles at 101.3 kPa is not surprising considering the great effect of the O 2 window. Due to the metabolic conversion of O 2 into carbon dioxide (CO 2 ) in the tissue cells, the O 2 tension will drop from ϳ14 kPa in the alveolar gas phase to 5.3 kPa in the venous effluent during steady air breathing at sea level. Concomitantly, because of its high solubility, the CO 2 tension will rise from 5.3 kPa in arterial blood to only 6.1 kPa in venous blood {or when O 2 is metabolized, the decrease in O 2 partial pressure (PO 2 ) is greater than the simultaneous increase in CO 2 partial pressure [(P arterialO2 ϩ P arterialCO2 ) Ϫ (P venousO2 ϩ P venousCO2 )] (30, 35), because CO 2 has a much higher solubility coefficient in blood and tissue (L ϭ 0.54 ml/ml whole blood), of which CO 2 is carried primarily as a bicarbonate ion, a process catalyzed by carbonic anhydrase (24) , and because there are fewer CO 2 molecules produced than there are mol O 2 consumed}. If the sum of alveolar partial pressures in normobaric conditions is 101.3 kPa, then the total gas tension in venous blood is 93.5 kPa. Thus there is an "inherent unsaturation" (14) at a difference of 7.8 kPa, which is also called the O 2 window (5). This O 2 window effect will cause bubbles to shrink regardless of the inert gas that they may contain, and as discussed by others (11, 12, 32) , the magnitude of the O 2 window effect will increase with increasing arterial O 2 partial pressure (P arterial O 2 ; or P Alveolar O 2 ), i.e., with increasing ambient pressure (P ambient ) or F I O 2 (30) . However, during continued O 2 breathing at 101.3 kPa and assuming P tissue CO 2 and P tissue H 2 O equal to venous blood (24, 32) and constant during the entire experiment, the resulting P arterial O 2 is P arterial O 2 ϭ P Alveolar O 2 ϭ 101.3 kPa (P ambient ) Ϫ 6.3 kPa (P H 2 O ) Ϫ 5.3 kPa (P Alveolar CO 2 ) ϭ 89.7 kPa
Disregarding the effects of tissue elasticity and surface tension and assuming a P bubble CO 2 of 6.1 kPa, P bubble O 2 is P bubble O 2 ϭ 101.3 kPa (P ambient ) Ϫ 6.3 kPa (P H 2 O ) Ϫ 6.1 kPa (P tissue CO 2 ) ϭ 88.9 kPa
Consequently, as deducted previously (27) , a PO 2 difference between arterial blood and bubble of 0.8 kPa [89.7 Ϫ 88.9 (Eq. 1 Ϫ Eq. 2)] exists, promoting bubble growth. As outlined above, the effect of the large drop in the PO 2 from artery to tissue (mean P tissue O 2 ϭ 122 mmHg ϭ 16.3 kPa; see Table 1 ) will dominate compared with the effect of the partial pressure Influence of Oxygen to Altitude DCS • Randsoe T et al. difference of O 2 between arterial blood and bubble, explaining the fast bubble disappearance.
O 2 bubbles at 25 kPa. During bubble observation at 25 kPa in N 2 -depleted adipose tissue of the preoxygenated rats, 18 of 27 bubbles initially grew for a period of 2-40 min, after which they stabilized or began to shrink slowly. Nine bubbles shrank consistently without initial growth, and almost all bubbles disappeared at the end of the observation period (see Fig. 3 ). Several mechanisms may explain the observed effect of O 2 breathing on O 2 bubbles at 25 kPa.
1) Since PO 2 in the region below 12-13 kPa (the steep part of the O 2 dissociation curve) will be reached sooner in the hypobaric than in the normobaric observations, O 2 transport by hemoglobin and the Bohr effect (i.e., assisting the exchange of O 2 in the tissues by right-shifting the oxyhemoglobin dissociation curve) must be of quantitatively greater importance in the hypobaric experiments.
2) The amount of O 2 (in molecules) carried to the tissue decreases with decreasing inspiratory PO 2 (P I O 2 ) but not in proportion to the reduction in P I O 2 (because of hemoglobin). Its volume [ambient temperature and pressure saturated (ATPS)], however, increases in inverse proportion to the ambient pressure, as dictated by Boyle's law. Consequently, the ATPS volume of O 2 carried to the tissue will be greater at hypo than at normobaric conditions (7, 31) . It hereby follows that although the amount of O 2 (standard temperature and pressure dry) carried to the tissue is reduced by ϳ8%1 compared with O 2 breathing at 101.3 kPa, the volume (ATPS) is increased by a factor of 0.92 ϫ 101.3: 25 ϭ 3.7, according to Boyle's law.
3) In the beginning of the decompression phase, the P arterialO 2 will be under influence of the higher ambient pressure as described above (see Eq. 1). Assuming ideal pulmonary diffusion conditions with no alveolar-arterial O 2 pressure difference or physiological perfusion shunt, the P arterial O 2 is reduced to P arterial O 2 ϭ P Alveolar O 2 ϭ 25.0 kPa (P ambient ) Ϫ 6.3 kPa (P H 2 O ) Ϫ 5.3 kPa (P Alveolar CO 2 ) ϭ 13.4 kPa
If P tissue CO 2 and water vapor are regarded equal to venous blood and constant during the entire experiment (24), then P bubble CO 2 can be estimated to 6.1 kPa. Furthermore, disregarding the effects of tissue elasticity and bubble surface tension, P bubble O 2 is P bubble O 2 ϭ 25.0 kPa ͑ P ambient ͒ Ϫ 6.3 kPa (P H 2 O ) Ϫ 6.1 kPa (P bubble CO 2 ) ϭ 12.6 kPa (
Consequently, during steady and continued O 2 breathing, a PO 2 difference between arterial blood and the O 2 bubble of 0.8 kPa [13.4 Ϫ 12.6; see deduction (27) ] exists, promoting bubble growth as discussed above.
4) It is conceivable that the vasoconstrictor effect of O 2 is more pronounced at 101.3 kPa than at 25 kPa, which would favor the microcirculation and thereby, bubble growth.
5) The greater bubble growth at altitude can be explained further by the bubble expansion induced by decompression, increasing the bubble surface area. An increase in surface area creates a larger tissue-surface interface facilitating gas diffusion across the bubble wall (12, 31) . For a given diffusion gradient and according to Fick's first law of diffusion, each gas will have a higher flux through the larger surface area (12, 31) , which in keeping with the great solubility and permeability [i.e., the product of the diffusion coefficient and solubility coefficient (35) ] of O 2 in a lipid tissue, further enhances bubble growth at altitude.
6) The fact that some O 2 may be lost to the surrounding metabolizing tissue during the initial phase of the decompression procedure should, everything else equal, only imply an even greater bubble growth-promoting effect of O 2 at 25 kPa compared with O 2 bubbles at 101.3 kPa pressure. As demonstrated by Foster et al. (12) , the increased amount of dissolved tissue O 2 in the bubble region will decrease the O 2 window tending to slow the rate of O 2 bubble decay (see also Fig. 3) .
As the PO 2 difference is reduced toward 0.8 kPa, most bubbles will start to shrink since less O 2 is now received from the blood than what is given off to the surrounding metabolizing tissue. Again, the PO 2 gradient between bubble and tissue of 3.4 kPa (P bubble O 2 ϭ 12.6 kPa; mean P tissue O 2 ϭ 69 mmHg ϭ 9.2 kPa; see Table 1 ), as opposed to the PO 2 gradient of 0.8 kPa between bubble and blood, promotes bubble shrinkage.
The observed differences in bubble growth, shrinkage, and disappearance time at altitude (see Fig. 3 ) must rely on local alterations in adipose tissue blood flow and O 2 metabolism along with an impaired effect of the O 2 window (12, 32), so the inconsistency is not surprising.
O 2 bubbles vs. air bubbles at 25 kPa. In a report published previously (27) , air bubbles consisting of 79% N 2 were injected into N 2 -depleted adipose tissue of rats, after which they where decompressed to and held at 25 kPa. During the observation period, 17 of 20 bubbles grew, after which they stabilized and began to shrink slowly. Three bubbles shrank consistently without initial growth and less than one-half of the bubbles disappeared during the observation period [see Fig. 3 in (27) ]. In preoxygenated rats, the injected bubble will initially contain 79% N 2 . After decompression, lasting 36 min or 1 N 2 T ½ , some N 2 is still present in the bubble. With the use of the same prerequisites as described above and disregarding surface tension and assuming P bubble CO 2 of 6.1 kPa, the P bubble O 2 can be estimated to P bubble O 2 ϭ 12.6 Ϫ P bubble N 2 . Consequently, a PO 2 difference between arterial blood and the bubble of 13.4 Ϫ 12.6 ϭ 0.8 ϩ P bubble N 2 exists, explaining bubble growth. Again, the flux of N 2 going out of the bubble will obey Fick's first law of diffusion (12, 33) , and as the N 2 content of the bubble slowly disappears during continued O 2 breathing, driven by the N 2 partial pressure difference among bubble, tissue, and blood, the PO 2 in the bubble increases, promoting outward diffusion of O 2 to the surrounding tissue. The PO 2 difference is reduced toward 0.8 kPa, from which point less O 2 is now received from the blood than what is given off to the surrounding tissue, and bubbles start to shrink. Hence, the fraction of N 2 in the air bubble will cause greater and prolonged growth than that observed in the O 2 bubble.
During aerobic metabolism, it is reasonable to assume that changes of P tissue CO 2 have negligible alterations to bubble volume compared with P arterial/tissue O 2 , due to the effective blood and tissue solubility of CO 2 and the relatively small CO 2 partial pressure (PCO 2 ) difference between arteries and veins.
On the other hand, during anaerobic metabolism, such as with gas embolism blocking microcirculation, large amounts of CO 2 would be liberated from bicarbonate stores of blood and tissue, resulting in high levels of local PCO 2 that could contribute considerably to bubble volume (32). Bubble location in the tissue also affects the gas exchanges across the bubble-tissue interface, since bubbles located near arteries are influenced by a P tissue O 2 , nearly the same as P arterial O 2 , whereas locations far from arteries, veins, and capillaries can have low or almost zero P tissue O 2 (32).
It is concluded that the metabolic gases, O 2 in particular, cause growth and a prolonged disappearance rate of O 2 bubbles in N 2 -depleted lipid tissue at 25 kPa. The present result is of importance for pilots maneuvering the accidentally depressurized commercial aircraft, as well as for passengers who may develop signs of aDCS while in flight in spite of O 2 breathing. Loss of cabin pressure in commercial and military aircraft or in the spacecraft and during EVA procedures could also result in aDCS (8, 26) . In the first case, aDCS would result from a near normobaric N 2 saturation exposure and would be considered as the "worst case scenario". O 2 breathing combined with fast descent from altitude (i.e., recompression), followed by ground-level O 2 breathing or recompression with hyperbaric O 2 , is the standard treatment for aDCS (23) . The present results underline the importance of combining ambient pressure increase with an increased P I O 2 during the treatment of aDCS, since continued O 2 breathing at altitude may cause some bubbles to stabilize (see Fig. 3 ) regardless of the inert gas partial pressure (27) .
In previous reports with similar experimental conditions, we found increasing air-bubble growth and subsequent bubble stabilization when descending ambient pressure from 101.3 to 25 kPa (27) . At 71 kPa pressure (17) , comparable with standard cabin pressure in a commercial flight, bubbles also grew transiently but disappeared from view within the observation period. In keeping with this, it seems conceivable that bubbles should eventually start to shrink and disappear during O 2 breathing at some point while increasing ambient pressure from 25 to 71 kPa. Accordingly, further experiments establishing the level of altitude, at which point extravascular bubble growth and stabilization are halted with only transient bubble growth during O 2 breathing, seem warranted.
